Introduction agonist baclofen, which is known to activate K ϩ channels via a G protein (Andrade et al., 1986 ; Thompson Neurotransmitters activate one or both of two classes and Gä hwiler, 1992). In the GIRK2 Ϫ/Ϫ mouse, baclofen of receptor: ligand-gated ion channels and G proteinhad no effect on the holding current or on the input coupled receptors. A large number of G protein-coupled resistance (R in; Figure 1A1 ) in a CA1 pyramidal cell. Apreceptors have been shown to hyperpolarize cells by plication of the same concentration of baclofen (40 M) activating inwardly rectifying K ϩ channels (GIRKs) in for the same period of time to a CA1 pyramidal cell from postsynaptic neurons of the CNS as well as to inhibit a wild-type animal (ϩ/ϩ) elicited an outward current and the release of neurotransmitter presynaptically by an a decrease in the input resistance ( Figure 1A2 ). This unknown mechanism (Nicoll, 1988; North, 1989; Thomp- experiment was repeated a number of times for bacloson et al., 1993; Wu and Saggau, 1997) . Four different fen, not only in CA1 pyramidal cells but also in CA3 mammalian GIRK channel subunits have been cloned. pyramidal cells and dentate granule cells ( Figure 1B ). GIRK1-3 are expressed in high levels by CA1 and CA3
The outward current was greatly (Ͼ85%) reduced in the pyramidal cells as well as by dentate granule cells CA1 pyramidal cells, although a small outward current remained. The size of the outward current induced by the same concentration of baclofen was progressively ϩ/ϩ cell, bath application of baclofen led to an outward current (upper trace, V h ϭ Ϫ79 mV), which was associated with a decrease of the input resistance (lower trace), suggesting the opening of a K ϩ conductance. The holding current at rest is smaller for the wild-type compared to the GIRK2 Ϫ/Ϫ mouse, suggesting a difference in resting membrane potential. (B) Summary graph of all agonists tested (mean Ϯ SEM). The amplitude of the outward current (⌬Ih) caused by the application of baclofen and adenosine was significantly reduced in CA1 and CA3 neurons (**, p Ͻ 0.001; *, p Ͻ 0.01). In CA1, baclofen induced a residual outward current of 10.9 Ϯ 4.1 pA (p Ͻ 0.05 for a hypothesized mean of zero; see text for discussion). 5-HT elicited an outward current in the GIRK2 ϩ/ϩ mouse and an inward current in the GIRK2 Ϫ/Ϫ mouse, most probably due to uncovering the effects of a 5-HT4 receptor. The amplitude of a carbacholinduced inward current was not different in mutant and control mice. Concentrations applied in CA1 were (in M) 40 baclofen (Baclo; n ϭ 7, Ϫ/Ϫ; n ϭ 5, ϩ/ϩ), 100 adenosine (Adeno; n ϭ 5, Ϫ/Ϫ; n ϭ 4, ϩ/ϩ), 60 serotonin (5-HT; n ϭ 3, Ϫ/Ϫ; n ϭ 3, ϩ/ϩ), and 10 carbachol (Carb; n ϭ 3, Ϫ/Ϫ; n ϭ 3, ϩ/ϩ). In CA3 and dentate gyrus, n ϭ 3 for each drug and genotype.
smaller in CA3 pyramidal cells and granule cells of wild- Storm, 1990) . At lower concentrations (1-10 M), carbachol selectively closes the leak channels (Madison et type mice but was completely absent in the mutant mice.
We next examined the action of a number of additional al., 1987) . This latter action of carbachol was unaltered in the mutant mice ( Figure 1B) , suggesting that the musneurotransmitter receptor agonists that are known to modulate postsynaptic K ϩ channel activity. The postcarinic receptor-sensitive leak channels are not GIRKs.
To characterize the baclofen-activated current in synaptic action of adenosine, which activates K ϩ channels via an A1 receptor (Trussell and Jackson, 1987;  more detail, voltage ramps were carried out in the absence and presence of baclofen ( Figure 2A ). The bacloNicoll, 1988; , was abolished in the mutant mice in all three types of hippocampal neufen-induced current was then obtained by calculating the difference between the two curves ( Figure 2B ). The rons ( Figure 1B ). Serotonin (5-HT), which also activates K ϩ channels via 5-HT1A receptors (Andrade and Nicoll, slope conductance of the current in the mutant mouse is much smaller than in the wild-type mouse, but it still 1987; Colino and Halliwell, 1987) , actually induced an inward current and an increase of input resistance (data shows rectification. The rectification seen with these ramps, however, must be treated cautiously, because not shown) in CA1 pyramidal cells in the mutant mice instead of the outward current and decrease in input other K ϩ channels are activated at depolarized membrane potentials, and this could shunt the baclofenresistance (data not shown) observed in wild-type mice ( Figure 1B ). In addition to 5-HT1A receptors, CA1 pyraactivated current. However, in acutely isolated cells where recording conditions are better controlled, the midal cells possess 5-HT4 receptors, which close K ϩ channels (Andrade and Nicoll, 1987; Colino and Halliwell, baclofen-activated current has been shown to have all the properties of inwardly rectifying channels (Sodick-1987; Andrade and Chaput, 1991) . Given the increase of the input resistance, it is presumably this latter current son and Bean, 1996) . that is unmasked in the mutant mice, strongly suggesting that the channels closed by serotonin are dis- ϩ/ϩ mouse. (B) Baclofen-induced current obtained by calculating the difference between the I-V curves before and after addition of baclofen for mutant and wild-type mice (A1 and A2) plotted on the same graph. Compared to control, the baclofen-induced current in the mutant mouse is markedly reduced but not zero (n ϭ 4 for each genotype). The residual current is still inwardly rectifying and has a slightly higher reversal potential. This current could be mediated by remaining GIRK subunits, forming either heteromultimers or homomultimers (see text for discussion).
fast inhibitory postsynaptic potential/current (IPSP/C) average resting membrane potential in the mutant mice was ‫9.7ف‬ mV (unpaired t test, p Ͻ 0.0001) more depolarmediated by GABA A receptors and a K ϩ -dependent slow IPSP/C mediated by GABA B receptors (Nicoll, 1988; Mis- ized than in the wild-type mice ( Figure 4 ). One explanation for this finding is that tonic activation of some G geld et al., 1995). We therefore tested for the presence of this synaptic current in the mutant mice. Monosynaptic protein-coupled receptors leads to tonic activation of GIRKs, which contributes to the membrane potential. slow IPSCs were isolated by blocking glutamate receptors and GABA A receptors (see Experimental ProceAlthough this scenario can not be completely ruled out, two observations make it unlikely. First, blockade of dures). While slow IPSCs were routinely recorded in the wild-type mice, they were not seen in the mutant mice action potentials with tetrodotoxin had no effect on the membrane potential in wild-type mice, indicating that ( Figure 3A ). To ensure that our stimulating electrode was actually activating inhibitory interneurons, we monitored spontaneous action potential-dependent release of transmitter does not tonically activate a K ϩ conductance (n ϭ the fast IPSC in the absence of GABAA receptor antagonists ( Figure 3B ). In this experiment, the membrane was 3; data not shown). Second, we applied high concentrations of antagonists to block the receptors to the two held between E Cl (Ϫ47 mV, [ClϪ] internal ϭ 20 mM for this series of experiments) and E K (Ϫ103 mV), and thus the most likely candidates, GABA B receptors and adenosine A1 receptors. Neither the GABA B receptor antagonist fast IPSC is inward and the slow IPSC is outward. Despite the large fast IPSC recorded in the mutant mouse, CGP 35348 (1 mM; n ϭ 3) nor the A1 antagonist 8-cyclopentyltheophylline (25 M; n ϭ 3) had any effect no slow IPSC was recorded. We also varied the stimulus strength and plotted the size of the fast IPSC (GABA A ) on the resting membrane potential in wild-type mice (data not shown). These observations raise the possibilagainst the size of the slow IPSC (GABA B ; Figure 3B3 ). In the wild-type mouse, low stimulus strengths selectively ity that GIRKs, in the absence of receptor activation, contribute to the resting membrane potential. activated the fast IPSC, but as the stimulus strength was increased, a slow IPSC appeared, which quickly reached a saturating level. On the other hand, in the Unimpaired Presynaptic Inhibition in GIRK2 Ϫ/Ϫ Hippocampus mutant mouse, even very high stimulus strengths only activated the fast IPSC.
Another major action of the G protein-coupled receptors, particularly those which activate K ϩ currents postsynaptically, is to presynaptically inhibit the release of Depolarized Resting Membrane Potential of GIRK2 Ϫ/Ϫ Hippocampal Neurons neurotransmitter Wu and Saggau, 1997) . We therefore examined whether the presynIf inwardly rectifying K ϩ channels contribute to the resting membrane potential (V m ), one would predict that V m aptic actions of a variety of G protein receptor agonists were normal in the mutant mouse. Typical experiments would be depolarized in GIRK2
. We therefore measured the V m of a number of cells in current clamp. The for baclofen are shown in Figure 5A , both in wild-type tion. Baclofen had no effect on fiber excitability (n ϭ 4), synaptic IPSCs were recorded in the presence of glutamate receptor antagonists. Typical experiments of the inhibitory action of baclofen on IPSCs are shown in Figure 6A . In both the wild-type and the mutant mouse, and in mutant mice. Baclofen caused the same marked depression in the field excitatory postsynaptic potential baclofen caused the same large depression of the IPSC ( Figure 6B ). IPSCs are also inhibited presynaptically by (EPSP) in both mouse strains. This depression was associated with an increase in paired-pulse facilitation (PPF), opioid receptors (Cohen et al., 1992; Capogna et al., 1993) . The opioid selective agonist DAMGO was indicating a decrease in the probability of transmitter release (Manabe et al., 1993) . Presynaptic adenosine A1 equally effective in inhibiting IPSCs in the two groups of animals ( Figure 6B ). receptors (Proctor and Dunwiddie, 1987; , muscarinic receptors (Dutar and Nicoll, 1988a; Pitler and Alger, 1992) , metabotropic glutamate recepDiscussion tors (mGluRs; Baskys and Malenka, 1991), and neuropeptide Y receptors (Colmers and Bleakman, 1994) also It is well established that there is a family of inhibitory G protein-coupled receptors that can be expressed on inhibit transmitter release from excitatory synapses in the postsynaptic membrane as well as on the presynapschin et al., 1996; but see Spauschus et al., 1996) , as well as the GIRK1 and 2 proteins ; Drake tic terminal. On the postsynaptic membrane, these receptors inhibit by activating a K ϩ conductance. Signorini et al., 1997) have been detected at high levels in the hippocampus. Although GIRK2 has mechanism for the presynaptic inhibitory action is not entirely clear and could involve an increase in K ϩ conbeen shown to form homomeric channels, GIRK1 does not (Hedin et al., 1996) . It is thought that coexpression of ductance and/or a more direct action on Ca 2ϩ channels or the release process. The purpose of this study was GIRK1 and 2 results in the formation of both homomeric GIRK2 channels and heteromeric GIRK 1/2 channels to determine the type(s) of K ϩ channels involved in the postsynaptic action and to elucidate the mechanism for (Kofuji et al., 1996; Slesinger et al., 1996) . Interestingly, in the GIRK2 Ϫ/Ϫ mouse, GIRK1 expression is greatly the presynaptic inhibition. We have used mice lacking the GIRK2 channel (Signorini et al., 1997) to explore reduced (Signorini et al., 1997) .
In these mutant mice, we have found that the postsynthese issues.
aptic K ϩ conductance increase induced by a number of G protein-coupled receptors, including GABA B , adenoLack of Postsynaptic K ؉ Conductances Activated by GABA B , 5-HT1A, or Adenosine A1 Receptors sine A1, and serotonin 5-HT1A receptors, is markedly reduced or absent. This indicates that all of these recepFour types of mammalian GIRK channel subunits have been cloned. mRNA for GIRK1-3, but not GIRK4 (Kartors couple to K ϩ channels that contain GIRK2 and/or GIRK1 and is consistent with previous results sugsynaptic activation in the mutant mice. However, its presence was variable and, when present, accounted gesting that these receptors share the same K ϩ channels (Andrade et al., 1986) . These findings, however, are diffifor a very small part of the total current. This residual current might be due to a GIRK3 channel subunit either cult to reconcile with previous results claiming that the single K ϩ channel conductance evoked by serotonin and alone or together with the GIRK1, which, although it is down-regulated in the mutant mice, is still present in baclofen differ (Premkumar and Gage, 1994) . Moreover, the single channel conductances for GIRK homomeric small amounts (Signorini et al., 1997) . The resting membrane potential of CA1 pyramidal or heteromeric channels (Kubo et al., 1993; Duprat et al., 1995) are similar to the single channel conductance cells in the mutant mice was ‫9.7ف‬ mV depolarized compared to wild-type mice. The GIRK contribution to the reported by Premkumar and Gage for channels activated by serotonin but not baclofen. For all of these resting membrane potential in wild-type mice was not due to the tonic activation of either GABA B or adenosine results to be consistent with our observations, one would have to postulate that while the same channels receptors. While it is still possible that the tonic activation of some unidentified receptor accounts for the GIRK are activated by both agonists, the single channel properties depend on the receptor type that activates the contribution, the results suggest that there is a basal GIRK activity that occurs in the absence of receptor channels, or that different agonists couple to GIRK2-containing channels of different subunit stoichiometry.
stimulation. This is consistent with the observation that GIRK channel activity can occur in a G protein-indepenWhile it was originally proposed that baclofen and GABA, either endogenously released or exogenously dent manner (Sui et al., 1996) . applied, activate the same conductance mechanism (Nicoll, 1988; Dutar and Nicoll, 1988b) , other studies have GIRK2 Ϫ/Ϫ Mice Show Normal Inhibition of Leak K ؉ Conductance by Muscarinic Receptors argued that different conductances are involved (Ogata et al., 1987; Mü ller and Misgeld, 1989; Jarolimek et al., and Normal Presynaptic Inhibition of EPSCs As Well As IPSCs 1994). For instance, it has been reported that intracellular Cs ϩ blocks outward baclofen-induced currents but Muscarinic receptor activation is known to block a leak K ϩ conductance as well as the muscarine current (Madihas no effect on the slow GABA B -mediated IPSC , and thus the authors proposed that son et al., 1987; Benson et al., 1988) . Given that GIRKs contribute to the resting membrane potential, we condifferent K ϩ channels were activated. However, the present findings would appear to favor the conclusion sidered the possibility that muscarinic receptor activation might inhibit this tonic GIRK activity. However, the that baclofen activates the same type of K ϩ channels as activated by endogenously released GABA. There finding that concentrations of carbachol, which selectively reduce the leak K ϩ conductance, had the same was a residual current activated by baclofen but not by Agonists bind to G protein-coupled receptors at two locations on a pyramidal neuron (PN). Their activation leads, in the presence of GTP, to the cleavage of the ␣ subunit of the heterotrimeric G protein complex. At the somatodendritic membrane, the ␤␥ subunit can then activate inwardly rectifying K ϩ channels, yielding an outward current and a hyperpolarization of the neuron. At the presynaptic terminal, the same agonist also activates G protein-coupled receptors, which leads to presynaptic depression by a GIRK-independent signaling mechanism, such as the inhibition of Ca 2ϩ channels or an interaction with the release machinery. action in the wild-type and mutant mice indicates that In summary, all of the receptors that are known to increase postsynaptic K ϩ conductance in the hippothe channels closed by muscarinic receptors are distinct from those opened by G protein-coupled receptors. This campus require the presence of GIRK2 subunits. On the other hand, the presynaptic inhibition mediated by these is also the case for the inhibition of K ϩ channels by 5-HT4 receptors (Andrade and Nicoll, 1987 
